Abstract A comprehensive study of model systems based on poly(ethylene glycol) dimethacrylate and two methacryloxymodified silicas (Aerosil R7200 and R711) were investigated to find possible correlation between the stability of the monomer/silica dispersion, curing kinetics, composite morphology and physical and mechanical properties of the final hybrid material. The monomer/silica dispersions were cured photochemically. The investigated parameters: Zeta potential, polymerization rate and conversion, glass transition, surface roughness and mechanical properties were found to be synchronous; when plotted as function of silica content, they showed maxima or changes in the trend at the same filler loading. This threshold (optimum) silica content in the composition was about 5 wt.-% for the investigated systems. The results obtained are discussed in terms of the solvation cell (which influences dispersion stability) and the interphase layer formation as well as their changes below and above of the threshold filler content.
Introduction
In recent years hybrid inorganic-organic nanocomposites were deeply investigated for their exciting bulk and surface properties. These materials combine the high ductility and low-temperature processing conditions of polymers with the outstanding properties of ceramics, such as hardness, high strength and modulus, thermal stability as well as low coefficient of thermal expansion [1] . The inorganic component is usually constituted of either layered clays, or nanoparticles with wide variety of different shapes (discs, rods, spheres). The properties of the resulting polymer nanocomposite depend on the characteristics, dimensions, and shapes of the inorganic fillers and also on the interfacial bonding strength. However, it is very difficult to manufacture nanocomposites with the nanoparticles dispersed uniformly because nanoparticles have very high surface energies and are prone to agglomerate into larger particles during the preparations of materials. In unmodified silica for example, the presence of hydroxyl groups can lead to hydrogen bonding between contiguous particles. Therefore, the surface modification of nanoscale fillers becomes necessary in preparation of nanocomposites.
Polymer nanocomposites exhibit unusual combinations of properties and unique design possibilities. Addition of silica to polymer can improve the physical properties such as the mechanical properties and thermal properties of the materials. Of particular interest is the methacrylate-silica hybrid, which has found great use in coatings, optical devices and membrane application. While methacrylics provide easy processability and optical transparency, nanosilica particles provide mechanical properties (e. g. hardness, scratch resistance). The scale of phase separation in hybrid systems is thought to be most essential to the formation of transparent composite. It is important to recognize that homogeneity and phase behavior of hybrid materials is related to the organic-inorganic interfacial interaction. With this strong bond interaction at the organicinorganic interface, hybrid material forms homogeneous phase and becomes transparent, where chemical or hydrogen bonding binds the organic phase to the inorganic matrix and prevents occurrence of macrophase separation [2] .
Organic-inorganic polymer nanocomposites can be rapidly produced at ambient temperature by photocuring of systems containing monomers and dispersed nanoparticles. Besides its environment-friendly aspect (no emission of volatile organic compounds, low energy consumption), photopolymerization technology offers a number of advantages, namely, ultrafast curing, ambient temperature operation, spatial and temporal control of the process, and wide range of mechanical properties of the highly crosslinked polymer formed [3] .
As a subdivision of hybrids, UV-curable hybrid materials show the synergistic unique properties to these materials, finally finding potential uses in fields such as printing, inks, adhesives, device packaging and especially clear coats [1, 4, 5] . Recently, photocurable hybrids based on silica have been applied in medicine to create polymer networks for use in applications such as bone and dental restorations [6] , coatings [7] , for artificial implants and functional hydrogel materials [8] .
Photopolymerization kinetics of (meth)acrylate monomers containing dispersed nanosilica were considered in several papers and various dependences of the polymerization rate and conversion on silica content were obtained; the results were explained in various ways [9] [10] [11] [12] . Ours previous papers [8, 13, 14] analyzed kinetics more deeply (in the considered cases a maximum on the dependence of the polymerization rate on the silica content was observed). On the other hand, mechanical properties of this type of composites were often investigated (e.g. [15] [16] [17] [18] [19] ) and various effects of silica addition were observed. These effects were attempted to correlate with silica content, surface modification, particle size, interphase formation, etc. However, when a composite is formed in situ by curing of a monomer/silica mixture, an important issue becomes stability of the filler dispersion which can determine not only the morphology of the resulting composite but also may affect curing kinetics. Until now there were no reports with a broader view on this subject, which would try to correlate all these issues: stability of the dispersion (understood as its susceptibility to flocculation), curing kinetics, composite morphology and physical and mechanical properties of the cured material. This attempt has been undertaken in the present work. The model systems were based on polyethylene glycol dimethacrylate (PEGDMA, matrix precursor) and two commercial modified silicas: Aerosil R7200 and Aerosil R711. Multifunctionality of the monomer ensured formation of a cross-linked matrix. The both Aerosils are fumed silicas with primary particle size 12 nm, after treated with methacrylsilane; Aerosil R7200 has been additionally structure modified to reduce the size of agglomerates [20] .
Results presented in this work show that parameters which characterize the above discussed properties of a formulation before, during and after curing: Zeta potential, polymerization rate and conversion, glass transition, surface roughness and mechanical properties are synchronous; when plotted as function of silica content, they show maxima or changes in trend at the same filler loading.
Experimental Materials
The monomer, polyethylene glycol dimethacrylate with MW = 550 (PEGDMA, n = 9) was purchased from Aldrich and was purified by column chromatography before use (Scheme 1). The photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (Irgacure 651) was supplied by SigmaAldrich. Aerosil R7200 and Aerosil R711 were kindly donated by Evonik. According to the supplier they have the same specific area (125-175 m 2 /g) [20] . The silicas were dried at 110°C for 2 h before use. The monomer/filler mixtures were homogenized by ultasonication by 10 h. All the formulations investigated in this work were transparent and did not show any visual evidence of precipitation over long periods of time.
Methods

Viscosity
Viscosities of monomer/silica mixtures were measured at the polymerization temperature (40°C, η 40 ) at 0-160 rpm with a Digital Viscometer (model DV-II, Brookfield, USA) in coneplate geometry.
Dynamic light scattering
Dispersions of the silicas in the monomer were characterized with a ZetasizerNano ZS (Malvern Instruments Ltd., United Kingdom). Particle size and particle size distribution (PSD) were measured employing the technique of non-invasive back scattering method (NIBS) with a constant 173°scattering angle, at (25 ± 0.1)°C. 
Photopolymerization kinetics
Reaction rates (R p ) and conversions (p) were determined by DSC under isothermal conditions at 40 ± 0.01°C in a highpurity argon atmosphere (<0.0005 % of O 2 ) using the Pyris 6 instrument (Perkin-Elmer, USA) equipped with a lid specially designed for photochemical measurements. The 2-mg samples were polymerized in open aluminum pans with the diameter of 6.6 mm. The polymerizations were initiated by the light from a LED Hamamatsu LC-L1 lamp (λ = 365 nm, light intensity at the sample pan position 2.75 mW · cm −2 , photoinitiator concentration 0.2 wt.-%). All DSC photopolymerization experiments were conducted at least in triplicate. The reproducibility of the results was about ±3 %.
Glass transition temperature T g
Glass temperature T g of the composites was measured by DSC technique using Pyris 6, Perkin Elmer instrument. The 2 mg samples were scanned at a heating rate of 10°C min −1 in temperature range from −40 to 120°C.
AFM measurements
Specimens for AFM i maging were prepared by photopolymerization in DSC sample pans in the DSC instrument under Ar atmosphere, thereafter cut vertically along the diameter and measured on the upper side close to the center of the cutting edge in the tapping mode. This AFM mode represents very good vertical resolution together with its nondamageable work at high set-points (an AFM tip only gently contacts the surface once at the oscillation period) that might physically affect or modify the compliant surfaces. The tapping mode is also effective to analyze a phase composition of surfaces and their behavior at interfaces, which is excellent for our purpose. Height and phase images were obtained in the Dimension 3100 AFM controlled by the Nanoscope IIIa controller (Bruker/Digital Instruments, USA). Standard tetrahedral silicone cantilevers (model OMCL-AC160TS, Olympus, Japan) o f s p r i n g c o n s t a n t~2 6 N m − 1 , r e s o n a n c e frequency~300 kHz, and tip radius~7 nm, were used. These cantilevers are characterized by a steep phase shift at the vicinity of the resonance frequency, and therefore they provide notable phase contrast for sample surface composition. Occasionally, randomly chosen samples were scanned using super sharp silicon tips (model Hi'Res-C15/Cr-Au, μMash, USA) of radius~1 nm (spring constant~40 N m −1 , resonance frequency~325 kHz) to compare the obtained morphologies. The samples were measured in air at room temperature at stable value of relative humidity (40 %) in a low-noise acoustic chamber. For the evaluation of the AFM data Gwyddion 2.38 and NanoScope Analysis 1.50 were used.
For the height images the mean roughness Ra was calculated for the scan area of 5 × 5 μm 2 as this area is an optimum scan range that, on one hand, is small enough to be adapted to nanoparticle structures (the number of scan points per line is fixed and this means that the smaller the scan area the better the resolution), on the other hand, large enough to minimize possible influence from individual non-homogenous features. The mean roughness Ra is defined as the average deviation of the profile from a mean line. Ra is commonly used as a Bonevalue^parameter that describes the surface profile in homogenous samples; it provides much reliability in statistical surface measures. Roughness measures were done at 2 different spots on each specimen (samples were triplet, i.e. prepared under the same conditions).
Mechanical testing
For mechanical testing the samples were cured in a steel mold with polyethylene terephthalate (PET) cover and the whole spectrum of a DYMAX-Blue Wave 50 has been applied. The mechanical properties were investigated according to standards PN-ISO 868:2004 and PN-EN ISO 527-1:1998 with the use of a universal testing machine (Z020 Zwick Roell) and a Shore hardness testing machine (Zwick Roell).
Results and discussion
Investigations were performed for a series of compositions containing 2, 4, 5, 10 and 15 wt.-% of silica. The compositions were characterized before the polymerization (particle size distribution, viscosity, Zeta potential), during the polymerization (polymerization rate and conversion as functions of time) and after curing (glass transition, surface morphology and roughness, tensile properties, hardness).
Particle size distribution
Particle size distributions PSD (Table 1) in formulations show the existence of aggregates/agglomerates in the submicro range (about 100-1000 nm). The size of particle clusters increases with the silica content. Only formulations containing highest amounts of silica show a bimodal distribution of agglomerates (which is reflected by higher values of polydispersity index PDI). The size of aggregates/agglomerates of R711 in the monomer is larger than that of R7200. These PSD results could suggest that after the polymerization the obtained materials would be microcomposites; however, AFM results indicate that the particle clusters on the composite surface are of the nano size (as will be discussed later). This discrepancy may result from the fact that DLS method provides an intensity and volume diameter which are particularly sensitive to the presence of larger particles and in this way overrates the actual size [21] . This method measures the hydrodynamic diameter of aggregates. The hydrodynamic diameter is that of a sphere that has the same translational diffusion coefficient as the aggregate being measured. Thus, it is expected that in the monomer/silica mixtures the size of aggregates which are not perfectly spherical, is always larger than in the reality. This can explain in part transparency of dispersions despite seemingly large aggregates/agglomerates.
Another important factor is that the transparency of dispersion depends also on the difference between refractive indices of the monomer (PEGDMA) and the filler material (Aerosil). Aerosil products (n = 1.46) [20] have practically no refractive index contrast with PEGDMA (n = 1.460), therefore the materials can be transparent.
Viscosity
The importance of viscosity as a parameter characterizing the formulation is associated with its influence both on curing kinetics as well as on the processability of the system [22, 23] . It usually reflects particle-particle and particle-monomer interactions. Such interactions are possible due to the presence of silanol groups on the silica surface. Although the silicas used in this work were surface modified with methacryloxy groups, they still contain a number of silanol functions giving a possibility to interact (which was confirmed by the presence of absorption bands from SiOH groups in the FTIR spectrum -data not shown -and the producer information [20] ). Figure 1 shows the viscosity of the monomer/silica dispersions as a function of the shear rate and the content and type of the filler. The measurements were performed at 40°C, which is the temperature of kinetic studies and composite preparation. As could be expected, viscosity of the composition increases with the silica content. The viscosity of the neat monomer exhibits Newtonian behavior; such a behavior is observed also in the case of silica R7200-containing formulations (up to about 10 % of silica loading) indicating the lack of network formation by silica particles as a consequence of surface modification (strong interactions between silica particles lead usually to non-Newtonian behavior). Interactions between the monomer and the filler prevent the formation of silica network; therefore the Newtonian behavior of viscosity can indirectly indicate the existence of silica/monomer interactions. Such interactions in turn lead to formation of a solvation layer which separates filler particles from each other.
Formulations containing silica R711 have markedly higher viscosities and show a slight shear thinning behavior. This in turn could suggest stronger interactions between silica R711 particles. The exact surface nature of the both types of silica, e.g. degree of surface modification, is not known; therefore it is difficult to indicate the strict reason of such a behavior.
System stability
Although there are many reports on the effect of silica addition on various properties of monomer/silica formulation and the resulting composite, there are no reports on the stability of the formulation understood as its susceptibility to flocculation (this issue was only briefly mentioned in our previous works [13, 14] ).
Stability of dispersion can be achieved by two main mechanisms, i.e. electrostatic stabilization (repulsive interactions) and steric stabilization (which consists in covering the particles with polymer preventing them to get closer in the range of attractive forces). Electrostatic stabilization is mainly considered for silica suspensions in water. In non-aqueous media it can readily occur in highly polar solvents with high dielectric constant (ε > 11) but is also possible in semipolar liquids (5 < ε < 11) [24, 25] or even in solvents of very low ε, like 2 [26] . End-capped polyethylene glycols have ε of the order of 6-10 [24] , thus, electrostatic stabilization in PEGDMA should be possible. The charging mechanism is based on electrondonor interactions between the dispersing agent and the particle surface, i.e. formation of an electron-donor acceptor complex at the surface (not bare silica-liquid interaction [27] ). In our case the interaction would occur between Si-OH group on the silica surface and the monomer ether and carbonyl groups. Electrostatic stabilization can be determined by the Zeta potential. It describes characteristic, repulsive interactions of particles with the same charge in dispersion. In the case of silica particles, silanol groups present at their surface yield a negative charge and the organic donor molecules (monomer) yield a positive charge forming the electrical double layer. The electrostatic repulsion arises when the electrical double layers around the filler particles begin to interpenetrate. Due to the relation between the Zeta potential and repulsive forces between particles, a higher charge (and higher absolute value of Zeta potential) will give a more stable colloidal system. Zeta potential of the investigated formulations as a function of the silica content is shown in Fig. 2 .
As stated above, the surface of silica particles is negatively charged (negative Zeta potentials) indicating on the dominant acceptor properties of the silica surface towards the monomer molecule. Zeta potential at first decreases with the silica loading and reaches a minimum value (highest absolute value) at about 4-5 wt.-% of silica content; thus, the formulations containing about 4 wt.-% of silica seem to be best stabilized electrostatically. Further addition of silica increases Zeta potential (decreases its negativity) indicating on stepwise reduction of dispersion stability. It can be associated with the fact that electrostatic stabilization at high particle concentration is not possible in non-aqueous systems [28] . Stability of dispersions containing silica R7200 seems to be somewhat better that those containing R711, which can be associated with smaller agglomerates of the former filler. The existence of the electrostatic stabilization suggests the presence of a solvation cell around the filler particles, which during the polymerization will be converted to an interphase region in which polymer chains interact with silica particles. This in turn will shape composite properties.
Photopolymerization kinetics
Stability of the dispersion and its viscosity can have an impact on the curing kinetics. The conversion-rate curves for the photopolymerization of formulations containing various amounts of silica R720 are shown in Fig. 3a .
PEGDMA is a multifunctional monomer (containing two double bonds) and the shape of the kinetic curves is Fig. 3 The dependence of the polymerization rate R p on double bond conversion p at 40°C for the monomer/Aerosil R711 system at various silica content (in wt.-%) (a), maximum polymerization rate R p max (b) and final conversion p f as functions of Aerosil R7200 and Aerosil R711 content (c). The lines are guides to the eye characteristic for a crosslinking polymerization with immediate onset of autoacceleration, occurrence of the maximum polymerization rate R p max and incomplete conversion of double bonds. Addition of silica influences the polymerization kinetics causing changes in the polymerization rate R p and final conversion p f . The maximum polymerization rate R p max appears in the range of 35-43 % of double bond conversion. It corresponds to the reaction point at which reaction diffusion becomes the dominating mechanism of termination [3] and is usually associated with inability of macroradicals to translational diffusion. This parameter at first increases with the silica content and then reaches the highest value for composition containing 5 wt.-% of the silica; further increase in silica loadings reduces the maximum polymerization rate. Too high filler content (above about 10-15 wt.-% in the case considered) can even retard the polymerization. An analogous behavior show also formulations containing Aerosil R7200 but the polymerization rates in this case are higher (Fig. 3b) . The same dependence on silica loading occurs in the case of final conversion (Fig. 3c) . It is worth to note that conversion of double bonds depends on system mobility: an increase in chain mobility usually leads to enhanced conversion. Because silica particles hinder movements of the polymer chains, we should expect rather a decrease in conversion. Thus, the increase in conversion in the presence of silica is probably associated with the beneficial influence of silica on the polymerization rate (deceleration begins at higher conversion, Fig. 3a ). This type of the accelerating behavior of silica has been also reported earlier [8, 13, 29] and many possible explanation were proposed but only our earlier reports took into account a possible influence of dispersion stability on curing kinetics [13, 30] . Inspection of Figs. 2 and 3b allows finding the relationship: the maximum polymerization rate increases as the stability of the formulation (measured by the absolute value of Zeta potential) increases; after reaching their maxima the both parameters begin to decrease.
Accelerating effect of silica addition on the polymerization of another dimethacrylate was explained by us in ref. [13] by an increase in the propagation rate coefficient k p (no reason was proposed) and a slight decrease in the termination rate coefficient k t (associated with the increase in viscosity of the formulation); moreover, slightly higher k p values showed compositions containing Aerosil R7200 than those with Aerosil R711. The increase in the polymerization rate does not result simply from the enhanced total concentration of the polymerizing groups after addition of methacryloxygrafted silica, because a similar effect is observed also in the presence of non-modified silicas [8] . Our considerations concerning the influence of dispersion stability prove that the polymerization is faster in case of formulations showing higher absolute Zeta potential values, both resulting from the silica content as well as silica type. Thus, we may suspect that the increase in k p can be associated in a way with the stability of the dispersion. It is possible that the formation of a solvation cell can increase the local concentration of double bonds leading to an apparent increase in k p and the interphase which begins to form during the polymerization immobilizes macroradicals leading to suppression of termination.
If the stability of the dispersion influences the solvation cell and thus the interphase layer, this should be reflected in the morphology of the composite.
Glass transition
One of the most important parameters characterizing polymeric materials is the glass transition (T g ). The deviation in T g of composites from the neat polymer is controlled by two primary factors: the dispersion state of the nanofiller and the modified mobility of the polymer in the interfacial region [31] .
Poly-PEGDMA is an elastomer with the glass temperature about −10°C (Fig. 4) . Addition of silica increases T g by several degrees in the case of R711 and only slightly in the case of R7200. Generally, the increase of the glass transition is due to the topological constrains wagered by rigid silica domains to movement of polymer chain segments. The slight increase of T g may indicate that polymer/silica interactions are not strong and the interphase is rather thin. Somewhat higher T g values in the case of silica R711-containing composites may be due to the fact that larger filler particles produce a greater increase in T g [8] .
The increase of T g is not monotonic and this parameter reaches a maximum at the silica content about 5 wt.-%. It is interesting that this composition corresponds to the most stable formulation before curing indicating on a relationship between the two parameters. At lower silica content T g increases due to reduction of the segmental mobility of the chains near the filler particles and as a result of attractive interactions with the polymer matrix in the interfacial region. The amount of interfacial area between the polymer and silica increases with filler content causing the increases in T g . However, when T g begins to decrease with increasing silica content (above 5 wt.-%), it may indicate on a partial loss of the compatibility Fig. 4 Glass transition temperature T g as a function of silica (R7200 and R711) content. The lines are guides to the eye with the polymer matrix (caused by too high concentration of the filler). This in turn may be associated with severe agglomeration of particles [32] and is in agreement with the results of Zeta potential measurements showing increasing susceptibility of dispersions to flocculation. Thus, as long as the electrostatic stabilization increases with the increase of silica loading, probably the amount of the interphase in the composite also increases leading to the increase in T g until it reaches maximum. Further increase in silica loading leads to such increase in the size of agglomerates that electrostatic stabilization becomes less and less efficient; the total amount of solvation layer and the deriving interphase in the composite decrease resulting in the stepwise decrease of T g. Only in the case of silica R711-containing composites the reinforcing effect dominates in the whole range of the filler content (T g values are higher than that of the neat poly-PEGDMA).
AFM
Topographical analysis of silica aggregates and morphological analysis of their dispersion in the polymer was carried out using AFM.
Figures 5 and 6 present AFM height and phase images, respectively, performed for the neat polymer matrix and composites containing 4, 10, and 15 wt.-% of silica R7200 and R711. The images clearly indicate changes occurring in the composite surface structure with increasing silica loading.
The neat poly-PEGDMA sample (Fig. 5a ) is smooth (see section analysis plot) and homogenous with no apparent surface features like cracks, voids and peaks, with the mean roughness of 6.3 nm (Fig. 7) . This confirms also the phase image (Fig. 6) ; a uniform color in the AFM image manifests the same sort of mechanical compliance of the sample for the neat polymer. In general for all composites, the estimated size of aggregates is about 30 nm to 90 nm in diameter, i.e. only a few single nanoparticles in an aggregate, thus, the obtained material can be regarded as a nanocomposite. This result differs from that obtained by determination of the particle size in solution (by DLS), as was pointed out earlier. Phase image (Fig. 6) shows a significant contrast of silica and polymer part. Bright color reveals distinct features of polymer-covered silica particles that are surrounded with the matrix (dark color). Small addition of the silica nanoparticles to the polymer matrix influences greatly the surface structure of the final composites, e.g. only 4 wt.-% of the filler leads to significant changes in the sample topography and morphology (Figs. 5b and e, 6 and 7), however, in a different way for silica R7200 and R711. In the case of silica R7200 (4 wt.-% of the filler) the particles are discretely distributed in the polymer matrix; they do not form continues connection as the polymer phase fraction dominates between them (Fig. 5b) . In the case of silica (cross-section) were taken along the white lines; for all the height-profiles the height axis was adjust to 100 nm to get the profiles comparable R711 (4 wt.-% of the filler) the particles form continues connection of aggregates with a small polymer phase fraction between them (Figs. 5e and 6 ). This indicates on stronger tendency of this silica to be localized at the interface. Such a behavior can be associated in part with lower availability of methacryloxy groups on the surface of silica particles clustered in larger aggregates. In such a case the ratio of the rates of two competing processes which take place during the curing: chemical incorporation into the polymer matrix being formed and diffusion to the surface is less favorable.
Once the silica concentration in the polymer is larger than 10 wt.-%, all the composites show continuous phase of nanoparticles and their aggregates, surrounded by a thin layer of matrix (Figs. 5c, d, f, g, and 6 ). The aggregates are densely dispersed at the surface, however, their uniformity is notably improved for higher fillings, e.g. 15 wt.-%. This could be seen directly in high resolution phase images in Fig. 6 and section profiles in Fig. 5 , where the amplitude of the section profile, i.e. the maximum height, is reduced; it is especially visible for the composite containing 15 wt.-% of silica R7200.
Additional (quantitative) analysis of the surface structure of the investigated composites was done by mean roughness, Ra, measurements. The Ra initially strongly increases with the silica loading, approx. 3-4 times at the maximum reached at 4 wt.-% (16.0 nm and 20.8 nm for R7200 and R711-based composites, respectively), and then decreases gradually. This result indicates that when the silica content exceeds~4 wt.-% the uniformity of its dispersion increases. Higher Ra values in the case of the Aerosil R711-based composites is in agreement with larger particles of this silica.
The appearance of the maximum value of the mean roughness at about 4 wt.-% of silica loading corresponds with the results obtained from dispersion stability, kinetic and T g investigations. As discussed earlier, above the threshold filler content the amount of the interphase decreases which along with larger number of aggregates/agglomerates leads to more uniform surface and smaller roughness.
Mechanical properties
Determination of mechanical properties of the investigated composites included Young's modulus (E), tensile strength (σ M ), elongation to break (ε M ) and hardness (Fig. 8) .
The Young's modulus increases almost linearly with the increase of the filler content and is practically the same for two types of composites (with R7200 and R711). The increase is significant: by about 46 % at 5 wt.-% and by about 130 % with 15 wt.-% for each silica. In general, the overall nanocomposite stiffness is influenced by the stiffness of the matrix and the filler, the filler dispersion, and the stiffness and connectivity of the interphase [33] . In our case the stiffness of the filler seems to dominate; as reported, the increase in stiffness of nanocomposites is a result of the high modulus of the particulate fillers (modulus of silica = 70 GPa) [19] .
The tensile strength also increases markedly with silica loading (Fig. 8b) , by about 43 % at 5 wt.-% and even by about 85-100 % at 15 wt.-% of the filler content. The increase in tensile strength proves that the mechanical loading is effectively transferred from the matrix to the filler particles owing to the interfacial bonding effect due to surface modification. However, we can observe a change in the slope of this dependence at about 5 wt.-% of silica, well-marked for R711 and very slight for R7200. Slowdown in the increase of the tensile strength above 5 wt.-% of silica content can reflect a change in the dispersion status of the fillers, which is in agreement with the results presented above. Poorer filler dispersion and reduced filler-matrix interaction due to decreased amount of the interphase, especially for composites with R711, leads the observed effect. The ductility of the composites against the filler content is shown in Fig. 8c . Up to about 5 wt.-% of silica loading elongation to break increases slightly (by 16 %). This indicates on the toughening effect of the particles on the polymer matrix, which can be associated with the increased contribution of the interfacial viscoelastic deformation. Increase in ductility proves the existence of a flexible interface layer. The tendency of decrease in elongation to break above the filler content of about 5 wt.-% suggests that matrix deformation is not only related to the interface feature but also to the dispersion state of the fillers. The slight decrease in ductility indicates a reduction in the matrix deformation due to the introduction of mechanical restraints by the almost nondeformable filler particles. Different elastic properties of the material components cause that the particles act as stress concentrators. Particle agglomeration promotes higher stress concentration, a more extensive cavitation and therefore a faster breaking [34] . Thus, the appearance of the maximum on the ε M = f(silica content) dependence is again in agreement with our other results.
Despite the very similar ductility behavior of the two types of composites, there is a small difference in values of elongation to break. The higher ductility values of composites containing silica R7200 can be associated with a stronger interaction of this filler with the matrix.
The hardness behavior is shown in Fig. 8d . Increase of the hardness values must be associated with the increased modulus and the presence of hard silica domains. An additional factor can be partial migration of silica towards the surface [35] . When silica loading reaches about 4-5 wt.-% further changes becomes partly suppressed showing worsening of phase compatibility.
Conclusions
A comprehensive study of model monomer/silica systems was carried out to find mutual interdependence of parameters characterizing these systems before, during and after curing. The decisive parameter proved to be stability of the silica dispersion associated with the formation of a solvation cell which during curing is converted into the interphase layer. Although the influence of monomer (polymer)/filler compatibility on many aspects of composite formation and properties was discussed in a number of papers, our results show how sensitive to this feature of the initial formulation are curing kinetics and composite properties. The investigated parameters: the Zeta potential, glass temperature, polymerization rate and conversion, glass transition, surface roughness, tensile properties and hardness evolve with the filler loading but show a maximum or a change in trend at the same composition. Thus, these parameters are strongly coupled. In the case of systems investigated in this work the threshold (optimum) composition is that containing about 5 wt.-% of silica. At this filler content dispersion stability is the greatest, polymerization the fastest, glass temperature the highest, and surface roughness and elongation to break show maxima. The results are qualitatively the same for compositions containing two types of silica and small quantitative differences only confirm the correctness of the conclusions. Although our article presents results only for systems based on one monomer, we observed also analogous dependences for other ethylene glycol dimethacrylates. Awareness of the existence of such a correlation can be helpful in design of the compositions and conditions for composite production.
